Fine-structure of white oak mycorrhizae by Heydenburg, Arthur Jack, Jr.
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1970
Fine-structure of white oak mycorrhizae
Arthur Jack Heydenburg Jr.
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Botany Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Heydenburg, Arthur Jack Jr., "Fine-structure of white oak mycorrhizae " (1970). Retrospective Theses and Dissertations. 4235.
https://lib.dr.iastate.edu/rtd/4235
70-25,792 
HEYDENBURG, Jr., Arthur Jack, 1930-
FINE-STRUCTURE OF WHITE OAK MYCORRHIZAE. 
Iowa State University, Ph.D. , 1970 
Botany 
University Microfilms, A XEROXCompany, Ann Arbor, Michigan 
Turc riTCCrivTÛTTnM RFrM MTPPnFTT.MFn p-yAPTT.Y AP RFrFTVr.n 
FINE-STRUCTURE OF WHITE OAK MYCORRHIZAE 
by 
Arthur Jack Heydenburg, Jr. 
A Dissertation Submitted to the 
Graduate Faculty in Partial Fulfillment of 
The Requirements for the Degree of 
DOCTOR OF PHILOSOPHY 
Major Subject: Plant Pathology 
Approved : 
In Charge of Major -^érk 
Head of Major Department 
Dean of Gradate College 
Iowa State University 
Of Science and Technology 
Ames J Iowa 
1970 
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
ii 
TABLE OF CONTENTS 
Page 
INTRODUCTION 1 
LITERATURE REVIEW 3 
General Considerations 3 
The Structure of Ectotrophic Mycorrhizae 4 
General considerat-ions 4 
Root cap 5 
Meristem 6 
Mantle 7 
Tannin 10 
Hartig net 12 
Epidermis 15 
Root hairs 16 
Cortex 16 
Endodermis 17 
The stele 18 
MATERIALS AND METHODS 19 
Selection and Collection of Material 19 
Preparation of Material 25 
Light Microscopy 25 
Electron Microscopy 26 
OBSERVATIONS 27 
Uninfected Root Anatomy 27 
Mycorrhizae 28 
Root cap 28 
Mantle 29 
llartig net 32 
Cortex 33 
Endodermis 34 
Stele 35 
Development of lateral mycorrhisa 35 
CONCLUSIONS AND DISCUSSION 36 
SUMMARY 48 
iii 
TABLE OF CONTENTS (continued) 
Page 
LITERATURE CITED 50 
ACKNOWLEDGMENTS 58 
APPENDIX A; DEHYDRATION, INFILTRATION AND EMBEDDING 59 
APPENDIX B; KEY TO LABELLING 61 
APPENDIX C; FIGURES 62 
1 
INTRODUCTION 
The occurrence of mycorrhizae is a widespread phenomenon in herbaceous 
(Khrushcheva, 1955) as well as in woody plants. In some cases, plants will 
not grow (Kessell, 1927; Meyer, 1966), or grow only poorly (Briscoe, 1960), 
without mycorrhizal fungi. 
Ectotrophic mycorrhizae are those having a fungal sheath. Ihe fungi 
involved are primarily Basidiomycetes: Agaricaceae, Boletaceae, and 
Gasteromycetes. Ectotrophic mycorrhizae are common to tree species belong­
ing to the genera Abies, Alnus, Betula, Cedrus, Corylus, Eucalyptus, Fagus, 
Populus, and Quercus. 
While voluminous amounts of literature have been published about 
mycorrhizae, very little has been devoted to critical anatomical rela­
tionships (Salyaev, 1958; Vozzo and Hacskaylo, 1964). Most anatomical 
investigations of ectotrophic mycorrhizae in the past have been on the 
genus Pinus. In the last two decades three major anatomical descriptions 
of angiosperm mycorrhizae using the light microscope have been done for 
Fagus sylvatica L. (Clowes, 1951, 1954) and Eucalyptus (Chilvers and 
Pryor, 1965). 
Fine structural studies of mycorrhizae are in their infancy. The 
first published study was by Foster and Marks (1966) on the fine structure 
of an ectotrophic mycorrhiaa fouiiu on 1-ycar-cId seedlings nf Pinus 
radiata D. Don, This was followed by a second paper (Foster and Marks, 
1967) dealing with fine structural relationships in the rhizosphere of 
P'. radiata. The only other fine structural studies of mycorrhizae were 
on the root cap region of Eucalyptus ectotrophic mycorrhizae (Chilvers, 
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1968a.) and endotrophic mycorrhizae of Calluna, Erica, and Vaccinium 
(Nieuwdorp, 1969). With this work I have intended to correlate these re­
cent excellent observations and to add to this knowledge, observations of 
the tree species, Quercus alba L. 
I have made a comparative anatomical investigation of the uninfected 
quaternary rootlets and the yellow form of ectotrophic mycorrhizae of the 
short quaternary rootlet type in alba. New histological techniques 
were employed that have aided in the interpretation of the fungus-host 
relationships. The study was undertaken to meet the following objectives; 
1. to make a comprehensive study of the fine structure of an oak 
ectotrophic mycorrhiza 
2. to compare the fine structure of c.n uninfected root and an ecto­
trophic mycorrhiza 
3. to note host tissue responses to the hyphae of an ectotrophic 
mycorrhizal fungus. 
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LITERATURE REVIEW 
General Considerations 
A number of reviews dealing with mycorrhizae are available (Rayner, 
1927; Laing, 1932; Kelley, 1950; Melin, 1953; Harley, 1959, 1965; Slankis, 
1960; Dominik, 1962; Shemakhanova, 1962; Trappe, 1962; Zak, 1964; Fortin, 
1968) . 
The history of studies on mycorrhizae dates from about 1840 and is 
divided roughly into three periods (Rayner, 1927) . Between 1840 and 1880, 
a number of investigators took note of the presence of fungi about the 
roots of plants, but no serious studies were made (McDougall, 1914). The 
first report of the intimate association between a tree root and a fungus 
was made in 1846 by Hartig (Laing, 1932). During the second period, 1880 
to 1900, Frank (1885) coined the term mycorrhiza. Later, he was the first 
to use the words ectotrophic and endotrophic mycorrhizae (Frank, 1887). 
The third period, designated by Rayner (1927) as the modern period, extends 
from 1900 to the present. 
The many reviews on mycorrhizae cover well the voluminous research 
on this subject. Much discussion in the literature has been on the exact 
nature of this fungus-root association. The prevalent view today is that 
most forms of mycorrhizae represent a symbiotic relationship because both 
fungal partner and host are benefited, the host through improved nutrition, 
nnd the fungus through a host-supplied source of carbohydrates (Zak, 1964). 
Other studies have concentrated on the physiology of mycorrhizae initia­
tion and development. The third major area of research on mycorrhizae 
has been developmental «liatomy. My studies have been concerned with this 
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latter topic. Therefore, the major portion of this literature review will 
be on the structure of ectotrophic mycorrhizae. 
The Structure of Ectotrophic Mycorrhizae 
General considerations 
The majority of anatomical studies have been superficial treatments 
(McDougall, 1914; Laing, 1932). Since the late 1940's Russian investiga­
tors have become vitally interested in mycorrhizae, but their efforts have 
rarely emphasized anatomical aspects. The tree receiving the most atten­
tion in Russia is the oak, most likely Quercus robur L., although it is 
seldom identified. 
Based on their structure, three forms of mycorrhizae are recognized; 
endotrophic, ectotrophic (Frank, 1887) and ectoendotrophic (Melin, 1922). 
Recently, a system for classification of short roots was proposed (Mikola, 
1966). A short root possessing a Hartig net was designated mycorrhizae. 
If intracellular hyphae weie also present, the term ectendotrophic was 
designated. Short roots infected intracellularly only were called non-
mycorrhizal short roots. 
The ectotrophic form, unlike the endotrophic form, has 1) an external 
sheath of hyphae or mantle enveloping the root and in contact with the 
soil, sometimes characterized by the presence of rhizomorphs; 2) an in­
ternal intercellular extension of hyphae between cells of the epidermis 
or cortex of the host, the Hartig ntt, 3) intracellular hyphae only under 
apparently senescent conditions (term ectoendotrophic would be appropriate 
in this case) and 4) no root hairs. 
Vozzo ^nd Hflcdkaylo (1964) in their brief description of mycorrhizae 
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of some tree species recognized the need for critical anatomical investiga­
tions. They said, "Although many descriptive papers have been published 
about mycorrhizae, the anatomy of mycorrhizae of most species of forest 
trees in the United States has not been studied in detail," As I studied 
the literature, the impact of this statement clearly became evident. 
Ectotrophic mycorrhizae on Pinus, Fagus, Quercus, and Eucalyptus have 
received the most attention. 
Three outstanding studies at the light microscope level on the anatomy 
of ectotrophic mycorrhizae have been published. These are the detailed 
descriptions of the mycorrhizae of Fagus sylvatica in general (Clowes, 
1951) and of the root cap in particular (Clowes, 1954) and a comparison 
of mycorrhizae and uninfected Eucalyptus roots (Chilvers and Pryor, 1965). 
Foster and Marks (1966) were the first investigators to publish a 
detailed description of the fine structure of ectotrophic mycorrhizae. 
This was followed a year later by an article on the fine structure of the 
rhizosphere of the same pine species, Pinus radiaLa (Foster and Marks, 
1967) . The only fine structure studies of angiosperm mycorrhizae were on 
Eucalyptus (Chilvers, 1968a), Calluna, Erica, and Vaccinium (Nieuwdrop, 
1969), the latter three being of the endotrophic type. 
Root cap 
A root cap, a lack of a root cap (Noelle, 1910; Eames and MacDaniels, 
1947; Hatch and Doak, 1933; Jenik and Mensah, 1967; Wilcox, 1968). or an 
indistinct root cap (Jenik and Mensah, 1967) have been reported for ecto­
trophic mycorrhizae. Most references on root cap absence have dealt with 
conifers that have seasonal variation in root cap development. Ectotrophic 
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mycorrhizae of the anf>iosperms normally have distinct root caps (Clowes, 
1954). 
The number of root cap cells was reduced in mycorrhizae, rarely ex­
ceeding two cells in thickness (Rayner, 1927; Kelley, 1950; Clowes, 1951, 
1954). Root cap cells on uninfected roots were sloughed with growth. In 
an ectotrophic mycorrhiza the sloughed cells were trapped between the 
Hartig ret and mantle, appearing to pass backwards from the apex as the 
mycorrhiza elongated (Clowes, 1951; Chilvers and Pryor, 1965). Cap cells 
adjacent to the apex, as well as those entrapped between the Hartig net 
and mantle were filled with a dense, dark substance commonly called tannin 
(Clowes, 1954; Chilvers and Pryor, 1965). 
Meris tern 
Meristematic tissue of ectotrophic mycorrhizal tips was reduced in 
comparison with that of uninfected root tips. Although this phenomenon 
generally was attributed to the fungus-root association, Chilvers and 
Pryor (1965) minimized the significance of the fungus, and suggested that 
this was a growth reaction in an unfavorable environment. 
Concomitant with a reduction of meristematic tissue was a reduction 
or cessation (McDougall, 1914) of length growth. In mycorrhizae of Fagus, 
reduced cell elongation and reduced activity of meristematic cells were 
responsible for length growth reduction (Clowes, 1951). Differentiation 
of cells appeared nearer to the apex in mycorrhizae. 
The meristematic cells of the mycorrhizae were free of fungal pene­
tration, Hyphae also were absent between the cells of the apical meristcm 
(Robertson, 1954; Gorbunova, 1955; Trubetskova and Mikhalevskaya, 1955; 
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Hncskaylo, 1957, 1967; Zak, 1964; Wilcox, 1968). 
Mantle 
Various forms of the mantle have been observed. Dominik (1959) clas­
sified these forms on their color and anatomical characteristics. One 
pseudoparenchymatous layer or two distinguishable layers were commonly 
present (Clowes, 1951; Harley, 1959, 1965; Chilvers and Pryor, 1965). The 
mycoriivLzo having Cenococcum graniforme (Sow.) Ford, and Winge as the 
fungal partner was an example of a mycorrhiza having a mantle with one 
pseudoparenchymatous layer. 
The mantle has been referred to as mycoclena (Kelley, 1950; Jenik and 
Mensah, 1967), mycochlaena (Fassi, 1966), and mycoderm if pseudoparenchyma­
tous (Kelley, 1950). Wilde and Lafond (1967) distinguished between mycoch-
lamydas, mycelium surrounding the Hartig net and mycoplasts, the mycelia at 
the soil boundary; and between prosenchyma, relatively loose hyphae with 
large interhyphal spaces and synenchyma, tightly packed hyphae with little 
interhyphal space. 
The mantle has been considered both a physical and antibiotic barrier 
to potential pathogens (Marx and Davey, 1969 a,b). 
Measurements of mantle thickness have varied widely. Mantle thick­
ness of from 5-52 in five distinct forms of Pinus echinata Mill, 
mycorrhizae have been found (Marx and Davey, 1969 a,b). Mantle thickness 
of the ectotrophic mycorrhizae of pecan ranged from 21-43^ (Marx and Bryan, 
1969). In mycorrhizae of 300-500^ diameter, a mantle thickness of 20-40,, 
was common and accounted for 20-30% of the total volume of the mycorrhizae 
(Harley, 1959) . 
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The outer surface of the mantle may be smooth or may contain one of a 
number of specific appendages, such as setae or cystids. Gorbunova (1955) 
indicated various forms of cystids and correlated them with spore forma­
tion. Chilvers (1968b) described pinshaped and obpyriform to obclavate 
cystids in Eucalyptus mycorrhizae. Innumerable hyphae also extended into 
the soil. These hyphae served as a substitute for root hairs (MacDougal 
and Dufrenoy, 1946). Kelley (1950) called these hyphae communication hyphae 
or mycorrhizal root-hairs. Sometimes hyphal strands combined at the mantle 
periphery and extended centrifugally into the soil as rhizomorphs. 
Foster and Marks (1966) distinguished two regions of the mantle, outer 
and inner layers. The hyphae of the outer mantle were separated from one 
another. The hyphal walls were thick, a phenomenon apparently associated 
with senescing hyphae (Moore, 1965). The peripheral layer usually lacked 
cellular contents and was often associated with bacteria. When hyphal 
cytoplasm was present it was typical of the Basidiomycetes. Organelles 
were few and the ectoplast was a single membrane. They noted a double 
membrane-limited nucleus with large gaps, rounded mitochondria, lack of 
positively identifiable dictyosomes, few lomasomes and endoplasmic reticula, 
single membrane-limited oil deposits, and membraneless glycogen-like de­
posits. The space between the hyphae at the inner limit of the outer 
mantle was occupied by a substance thought to be similar to that described 
by Moore (1965), and believed to be a hyphal disintegration product or a 
secretion from healthy fungal protoplasts. 
The hyphae of the inner mantle were characteristically transversely 
arranged, and tightly packed (Foster and Marks, 1966). Occasional inter-
hyphal spaces were filled with presumably poiyphenolic deposits. The 
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fungijl walls were observed to be slightly thinner than those of the outer 
mantle. Dolipores, characteristic of Basidioraycetes, were frequently ob­
served; septa showed four distinct layers. The hyphal organelles were 
more numerous than those of the outer mantle. Two storage products were 
observed; lipid bodies having thick membranes unlike those described by 
Wells (1964, 1965) and peripherally oriented glycogen bodies. Movement of 
nuclei through simple pores was observed. This possibility might indi­
cate that more than one class of fungi was involved in the formation of 
the 2" radia ta mycorrhizae. According to Ainsworth and Sussman (1965) 
the parenthesomes of a Basidiomycete dolipore act as a barrier to inter­
cellular nuclear migration. 
The fine structural study of Eucalyptus mycorrhizae by Chilvers 
(1968a) confirmed the observations of Clowes (1954) that root cap cells 
of ectotrophic mycorrhizae are decomposed within the fungal mantle. The 
fungal hyphae appeared to penetrate the tannin-filled root cap cells re­
ducing them to numerous fragments. These fragments became incorporated 
into the inner mantle. Chilvers and Pryor (1965) also indicated that 
tannin-filled root cap cells were trapped by the mantle and remained in a 
layer adjacent to the radially expanded epidermis. This layer, Chilvers 
(1968a) considered equivalent to the tannin layer and polyphenolic sub­
stances described in £. radiata by Foster and Marks (1966). M- rx and 
Davey (1969a, 1969b) described this same layer in shortleaf pine mycor­
rhizae as tannin-filled epidermal cells. 
Foster and Marks (1966) interpreted the tannin layer found in P. 
radiata mycorrhizae as the external layer of cortical cells filled with 
a dark polyphenolic material. Adjacent to the tannin-fillcci host cells 
10 
were tannin-filled hyphal cells, one or more layers thick. Normal-
appearing cells were observed lying among the tannin-filled hyphae. 
These cells contained glycogen bodies and single-membrane limited, irregu­
larly shaped, darkly stained, organelles similar to mitochondria. These 
latter structures resembled the unidentified cytoplasmic inclusions 
described by Wells (1964). 
The presence of microorganisms at the roou-soil boundary was common 
in uninfected roots but they were more abundant in mycorrhizae (Starkey, 
1937; Katznelson £t £l., 1962). Meyer (1966) found that microorganisms 
were an important adjunct to mycorrhizae since frequency of mycorrhizae 
was associated with abundant microorganisms. He stated that their pro­
motional effect was due to their production of vitamins and auxins, Foster 
and Marks (1967) observed that bacteria were present with hyphae in the 
outer mantle. These bacteria appeared to be associated with the break­
down products of the senescent hyphae. Although the bacteria were most 
abundant at the periphery of the mantle, they sometimes were observed 
deep in the mantle in the interhyphal spaces. Bacteria were 
absent adjacent to or in the tannin layer. Two functions were sug­
gested for these bacteria; 1) a biological barrier, and 2) nitrogen fixa­
tion, using fungal carbohydrate, possibly mannitol. Voznyakovskaya and 
Ryzhkova (1955) believed that the presence of cellulolytic bacteria about 
mycorrhizae demonstrated the importance of bacteria in the penetration 
process. 
Tannin 
Tannins are common constituents of plane cells. They occurred as 
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soluble components in vacuoles (Cook and Taubenhaus, 1911; Lloyd, 1922; 
Offord, 1940; Esau, 1965) in suspension, or as visible masses or co-
acervates (MacDougal and Dufrenoy, 1944). Tannins have been referred to 
as waste products (Cook and Taubenhaus, 1911), but were believed not to 
affect the cytoplasm adversely (Lloyd, 1922). Clowes (1954) made ethanol 
and water extractions and showed by paper chromatography the presence of 
eight different tannin-like compounds in ectotrophic mycorrhizae of 
F. sylvatica. These compounds separated into two chemical groups; 
1) those localized in the endodermis and adjacent cortical cells, and 
2) those found in the root cap and external cortex. 
Lloyd (1922) reported two forms of tannin in the vacuoles of Eriogonum 
nudum Torr., one soluble in alcohol, and the other a cellulose-like sub­
stance having the properties of a gel in water. The latter was termed 
the tannin mass. The tannin mass dissolved in 40% formaldehyde. MacDougal 
and Dufrenoy (1946) considered these masses to be quinoid polymerization 
products involving proteins. 
Tannins may be deposited within cells (Esau, 1965) . An example is 
the endodermis in both mycorrhizae and uninfected roots (Clowes, 1951), 
Tannins often occur as visible deposits in parenchyma, in cells that afford 
protection such as epidermis (Offord, 1940; Chilvers, 1968a), in root cap 
cells (Kelley, 1950), in areas characterized by active growth (Offord, 
1940), and in endodermal cells, particularly those cells bordering on 
xylem radii (Clowes, 1951). 
The production of phenolic compounds has been considered a defense 
reaction of the host to parasitic attack, acting both as a physical barrier 
and as a fungistatic substance (MacDougal and Dufrenoy. 1946; Shemakhanova, 
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1962), because it tends to inhibit fungal advance (Cook and Taubenhaus, 
1911). Offord's (1940) study with Ribes and Cronartium ribicola Fischer 
suggested a relationship between host resistance to disease, and type and a-
mount of tannin. The endodermis, referred to as the tannin barrier (Clowes, 
1954) or as a barrier by Harley (1959) appeared to inhibit the spread of 
fungal hyphae to the stelar tissues. Endodermal cells filled with tannin 
occurred nearer the apex in mycorrhlzae than in uninfected beech roots 
(Clowes, 1954). Ectotrophic mycorrhlzae accumulated more tannin than 
uninfected roots (Clowes, 1951). 
Foster and Marks (1967) noted that hyphae in proximity to the tannin 
layer exhibited irregular branching. A weak fungistatic action by poly­
phenols could account for this irregularity. 
Although phenolic compounds have been considered as retarding the 
growth of fungi, not all tannin is fungistatic. Clowes (1954) reported 
that while the tannin of the endodermis, that he referred to as the tannin 
barrier, was fungistatic, the tannin of the root cap cells of F. sylvatica 
mycorrhlzae was not. This observation was supported by Chilvers' (1968a) 
description of basidiomycatous hyphae growing through the tannin of the 
sloughed cap cells of Eucalyptus mycorrhlzae. Cook and Wilson (1915) 
showed that Endothia parasitica (Murr.) A. & A. was able to use tannin as 
a food source. Tannin has been thought to be involved in carbohydrate 
metabolism (Feklo, 1909, Lloyd, 1922; Masuii, 1927). 
Hartig net 
The term Hartig net, named after Theodor Hartig, refers to the zone 
of intercellular colonization by a mycorrhizal fungus in radially extended 
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cortical cells in Pinus and Quereus pedunculata Ehrh. (Trubetskova and 
Mikhalevskaya, 1955), in the external cells of the root cortex in oak, 
probably robur (Shemakhanova, 1962), and in radially extended epidermal 
cells in Fasus grandifolia Ehrh., Quercus lobata Nee (Vozzo and Hacskaylo, 
1964), Eucalyptus (Chilvers and Pryor, 1965), and F. sylvatica (Clowes, 
1951). This characteristic structural feature is common to ectotrophic 
mycorrhizae. Although tissue penetration is typically intercellular, 
senescing tissue may exhibit intracellular penetration. Such penetration 
may extend into the cortex and the stele in senescence (Chilvers and Pryor, 
1965). Harley (1959), though, stated that nearly all ectotrophic mycor­
rhizae exhibit some degree of intracellular penetration by hyphae. 
Chilvers and Pryor (1965) found that the Hartig net of Eucalyptus 
consisted of single rows of thin-walled hyphae, tightly appressed by the 
pressure exerted by the contiguous cortical cells. Variation in hyphal 
cell thickness was reported for five morphological forms of ectotrophic 
mycorrhizae on short-leaf pine seedlings (Marx and Davey, 1969b). One 
form had one-cell thick hyphal rows while another form had rows several 
cells thick. The depth of the Hartig net varied from only the first 
cortical layer of cells to the complete cortex. 
Shemakhanova (1962) described two patterns of Hartig net formation. 
In one, the mantle succeeded the formation of the Hartig net; the other, 
the mantle preceded the formation of the Hartig net, Melin (1962) stated 
that fungal penetration occurred through an epidermal cell or root hair. 
Although fungal penetration might occur near the apex, no penetration of 
meristematic cells was observed (TruheLskova and Mikhalevskaya, 1955). 
The fungi of ectotrophic mycorrhizae, while unable Ld produce 
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cellulolytic enzymes do produce enzymes capable of dissolving the pectic 
material of the middle lamella (Melin, 1953). A number of different 
pectin degrading enzymes are known. The type of enzyme produced depends 
upon the fungal environment and in some cases may be of host rather than 
fungal origin (Bateman, 1967). Penetration of host tissue by the fungal 
partner apparently began near the apex after epidermal or cortical cell 
elongation nearly had ceased. In mycorrhizae of Eucalyptus, Chilvers 
and Pryor (1965) found that differentiation of radially extended epi­
dermal cells was complete at a point twelve cells from the apex. 
Unlike the fine structural host-parasite interface descriptions of 
disease situations (Ehrlich and Ehrlich, 1963; Peyton and Bowen, 1963; 
Berlin and Bowen, 1964), the fungi of ectotrophic mycorrhizae were re­
stricted intercellularly and did not come into direct contact with host 
cytoplasm (Foster and Marks, 1966; Chilvers, 1968a). No haustoria were 
produced and there was no zone of apposition (Peyton and Bowen, 1963) 
or encapsulation (Ehrlich and Ehrlich, 1963). 
Foster and Marks (1966) provided fine structure evidence for the 
transfer of carbohydrate from host to fungus within the liar tig net. Ac­
companying the abundance of glycogen deposits in fungal hyphae was the 
absence of starch in amyloplasts in the cortical cells adjacent to the 
fungal hyphae. Laing (1932) reported the diminution of starch in corti­
cal cells of ectotrophic mycorrhizae. Although fungal hyphae of the 
mantle also contained glycogen these bodies were more abundant in the 
hyphae of the Hartig net. 
In the host cells of the Hartig net, Foster and Marks (1966) ob­
served large vacuoles, contorted Lonoplast, some disorganization of 
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organelles in the thin layer of cytoplasm, but no break in the continuity 
of the cytoplasm. Large accumulations of tannin in the vacuole adjacent 
to the tonoplast and abundance of endoplasmic reticula, mitochondria, 
and dictyosomes also were present. 
Chilvers (1968a) reported accumulations of tannin-like substances, or 
coacervates (referred to earlier by MacDougal and Duffrenoy (1944) as 
spherical masses limited by a single membrance) lining the peripheral 
regions of the host cells of the Hartig net. These accumulations formed 
prior to fungal penetration and coincident with cell vacuolation. 
Fine structure studies on P. radiata (Foster and Marks, 1966) indi­
cated a wedging action by the leading hyphal cell, often wedge-shaped, as 
intercellular growth proceeded. This type of growth suggested deteriora­
tion of the middle lamella by pectin-decomposing enzymes. Fungal cell 
size and shape varied from small and angular in newly penetrated areas 
to large and rounded in older areas of the Hartig net. Fungal hyphae con­
tained mitochondria. Vacuoles were small and not as darkly stained as 
host cell vacuoles. Dolipores, the first to be reported for mycorrhizae, 
were present. 
Epidermis 
The fate of the epidermis in ectotrophic mycorrhizae is different 
depending upon the interpretation of the investigator. In some studies 
epidermal cells became radially elongated (Clowes, 1951; Chilvers and 
Pryor, 1965) with intercellular penetration of fungi to form the Hartig 
net. In other studies, especially those with pines, the Hartig neL was 
formed with external cortical cells; the epidermis became tannin-filled 
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(Marx and Davey, 1969a, 1969b) and was called the tannin layer (Rayner, 
1927) . Clowes (1954) suggested that the epidermal cells disappeared 
or were absorbed by the mantle. 
Root hairs 
A lack of agreement regarding root hair formation in ectotrophic 
mycorrhizae is evident from the literature. Ectotrophic mycorrhizae did 
not develop root hairs (Rayner, 1927; Laing, 1932; Hatch and Doak, 1933; 
Eames and MacDanieLs, 1947; Hacskaylo, 1957; Vozzo and Hacskaylo, 1964; 
Chilvers and Pryor, 1965). The mycorrhizal fungi inhibited root hair 
formation (Salyaev, 1958). Slankis (1948, 1951) has demonstrated that 
certain mycorrhizal fungi synthesize compounds similar to auxins that 
inhibit root-hair production. Production of root hairs was reduced 
concurrent with the envelopment by the fungal mantle (Lobanov, 1949). 
Others have indicated that the mantle enveloped the rootlet prior to root 
hair formation (Shemakhanova, 1962). 
Clowes (1951) noted the presence of short root hairs projecting from 
the epidermis into, buc no farther than, the sloughed root cap cells 
trapped between the mantle and epidermis in superficial ectotrophic 
mycorrhizae of 1[. sylvatica. The root hair has been considered a prob­
able entry point for mycorrhizal fungi (McDougall, 1914). 
Cortex 
Differentiated parenchyma cells of the cortex are generally highly 
vacuolate and associated with food storage. In some ectotrophic mycor­
rhizae, as discussed enrliei', the cortex appeared to be involved in Hartig 
net formation, especially in the conifers. Jenik and Mensah (1967) 
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designated the cortex, i.e., Hartig net, the rhizodermis. 
The numbers of cortical cell layers vary In ectotrophic mycorrhizae. 
Four layers have been found in F. grandifolia (Vozzo and Hacskaylo, 1964). 
Three layers were indicated for lobata, the external layer being in­
volved in the Hartig net. The uninfected root cortex of this species 
consisted of six layers of cells (Vozzo and Hacskaylo, 1964). Trubetskova 
and Mikhalevskaya (1955) found a three to four-layer cortex in pedun-
culata ectotrophic mycorrhizae, 
Chilvers and Pryor (1965) observed a thickening of the tangential 
and radial cell walls of the internal layer of cortical cells in Eucalyptus 
mycorrhizae. This cell wall thickening was absent in uninfected roots of 
Eucalyptus. This phenomenon of thickening of cell walls was not found in 
F. sylvatica (Clowes, 1951) or P. radiata (Foster and Marks, 1966). The 
cell walls of the internal cortical cells of the pedunculata ectotro­
phic mycorrhizae were discolored (Trubetskova and Mikhalevskaya, 1955). 
Endodermis 
The endodermis separates the cortex from the vascular cylinder in 
roots. This layer of cells acts as a selective and regulatory barrier 
that materials must pass through to the vascular system. Casparian strips 
may or may not be present (Esau, 1965). 
Clowes (1951) found that endodermal impregnation by tannin occurred 
nearer the apex in mycorrhizae than in uninfected roots of F. sylvatica. 
This response was not considered to be specific to the presence of the 
mycorrhizal fungus but rather a configuration induced by slow growth of 
host tissue in mycorrhizae (Chilvers and Pryor, 1965). 
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In studies on F. sylvatlca tannin Impregnation of cell walls of the 
endodermis near the phloem was the first indication of differentiation 
(Clowes, 1951). Tannin filled cells contiguous with the xylem arms 
followed and although characteristic of both mycorrhizae and uninfected 
roots, was more abundant in mycorrhizae. A ring of endodermal cells 
completely filled with tannin also was observed. MacDougal and Dufrenoy 
(1944) described the tannin found in endodermis as catechol tannins. 
The tannin-filled endodermis was called a tannin barrier, never 
penetrated by mycorrhizal fungi (Clowes, 1954), This was thought to ac­
count for the absence of fungal penetration of the stelar tissues 
(MacDougal and Dufrenoy, 1946; Gorbunova, 1955; Dorokhova, 1955). Harley 
(1959) reported possible hyphal penetration of stelar tissues near the 
apex where tannin infusion of endodermis was incomplete. 
The s te le 
Some investigators have stated unequivocally that mycorrhizal fungi 
do not penetrate the vascular cylinder (MacDougal and Dufrenoy, 1946; 
Gorbunova, 1955; Hacskaylo, 1957, 1967; Zak, 1964; Filer and Toole, 1966). 
Other workers have been more cautious by suggesting that the stele -./as 
usually free from fungal penetration, but that exceptions have occurred 
(Ke]1eyj 1950; Dorokhova, 1955; Harley, 1959). 
Wilcox (1968) found no evidence that the fungus altered the structure 
of the stele in pine mycorrhizae as suggested by Noelle (1910) . 
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MATERIALS AND METHODS 
Selection and Collection of Material 
Initially my plans were to use root and mycorrhizal material from 
white oak seedlings grown either in the growth chamber or greenhouse under 
cultural tost conditions. When I was unable to obtain normal and uniform 
appearing mycorrhizae using previously reported mycorrhizal fungi (Howe 
and Woodward, 1970) within reasonable time periods, I made observations 
on mycorrhizae present on white oak seedlings in woods in the vicinity 
of Ames. 
A bright yellow quaternary mycorrhiza closely resembling Subtype E, 
genus (Dominik, 1959) was found commonly on three- to five-year-old 
seedlings of Quercus alba growing in a wooded area near the Ames Reactor 
Site, northwest of the campus (Figure 1). This mycorrhiza has been re­
ferred to variously as short roots (Hatch and Doak, 1933; Robertson, 
1954; Foster and Marks, 1966), short rootlets or short terminals (Grud-
zinskaya, 1955), feeding roots (Harley, 1959), feeder roots (Went and 
Stark, 1968), sucking root tips (Salyaev, 1958), sucking rootlets 
(Shemakhanova, 1962), or brachyrhizae (Jenik and Mensah, 1967). The 
outer mantle of this mycorrhiza possessed pear- or flask-shaped cystids 
comparable to that described for linden (Gorbunova, 1955). The develop­
mental pattern of the mycorrhiza resembled the fern-like mycorrhiza 
described by Vlasov (1955) (Figure 2). The fungus was not identified. 
A brown mycorrhiza was also found on some of these field 
seedlings. Preliminary examination of this type revealed much intra­
cellular hyphae and other observations thought typical of senescence. 
Figure 1. Three- to five-year-old seedlings of white oak 
(Quercus alba L.) used for inycorrhizae collection 
and located in a wooded area near the Ames Reactor 
Site, Ames, Iowa 
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Figure 2. Silhouette drawing of segments of white oak mycor-
rhiza (top) and uninfected root (bottom). Mycorrhiza 
shows tertiary and quaternary mycorrhizal terminals 
and illustrates the fern-like character of this form; 
the uninfected root shows tertiary and quaternary 
rootlets 
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Therefore, this type of mycorrhlza was considered the bright yellow type 
after aging and deterioration. Further studies did not include the brown 
type. 
The yellow mycorrhizae were brought to the laboratory in ice con­
taining crispers for fixation. Paper towels moistened with a filtered 
soil-water suspension (pH 7.2) covered the samples. 
The uninfected quaternary short roots were collected from six-month-
old white oak seedlings grown under aseptic conditions in the laboratory. 
These plants were produced from acorns collected from a tree on the 
University Golf Course in the northwest part of the campus. After col­
lecting the acorns in September, 1967, they were stratified in dry vermic­
ulite and stored at 37°F until needed. 
Acorns were prepared for germination by removing the exocarp and seed 
coat, soaking in a 10-percent solution of 7X detergent (Linbro Chemical 
Company, Inc., New Haven, Connecticut) for 10 minutes, rinsing in running 
tap water for at least 12 hours, immersing in a 10-percent solution of 
Clorox^ {Sodium hypochlorite) for 10 minutes and then 30 minutes in a 
50-percent solution of the antiseptic ST-37 (haxyresorcinal) (Quinton 
Company, Rahway, New Jersey), rinsing with sterile tap water two times, 
and placing temporarily in a 2-percent solution of Cloro:^. 
The acorns were germinated in autoclaved 1000 ml Erlenmeyer flasks 
containing 500 cc of vermiculite moistened with 250 ml of distilled water. 
Each flask was closed with rubber stoppers containing two glass rods; 
one plugged with cotton for air exchange and the other fitted with a short 
tygon tube with clamp, for later watering. After the insertion of the 
near-sterile embryos into the flasks aseptically, radicle end oriented 
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downward, the flasks were placed in the dark until germination began. 
After aluminum foil was placed around the flasks to exclude light from 
root areas, the flasks were placed near the south windows in the labora­
tory. Sterile tap water was added when the vermiculite appeared dry. 
Preparation of Material 
The small mycorrhiza sections were cut and immersed in a 1:1 mixture 
of 3-percent acrolein and 3-percent glutaraldahyde in phosphate buffer, 
pH 7.25 (Lillie, 1954), overnight (11-15 hours) at 4°C for fixation. The 
mixture was drained from the sections and they were rinsed 3 or 4 times 
at 10-minute intervals in phosphate buffer, pH 7.25. After rinsing, the 
sections were post-fixed for one hour at 4°C in a 2-percent aqueous osmium 
tetroxide solution mixed 1:1 with phosphate buffer (Millonig, 1961). 
The uninfected rootlet sections were either fixed as discussed for 
the mycorrhiza sections or in the following manner. The sections were 
immersed in a 6-percent glutaraldehyde (Sabatini e_t a^., 1963) in caco-
dylate buffer, pH 7.3 (Colowick and Kaplan, 1955). Post-fixation was in 
Palade's osmium (Palade, 1952) for one hour at 7°C. 
The procedure for dehydration and the process of embedding in Epon 812 
(Luft, 1961) is outlined in Appendix A. 
Light Microscopy 
Transverse and longitudinal Epon sections one- to two-microns thick 
were prepared for light microscope examination. They were cut with a 
glass knife on an LKB 8800A Ultratome III ultramicrotome. Sections were 
stained with toluidine blue in benzoate buffer, pH 4.4, and acid fuchsin. 
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These were mounted in picolyte. 
Bright field observations were made with a Leitz Wetzlar Ortholux mi­
croscope and recorded on Kodak Panatomlc-X film with an orthomat attachment. 
Electron Microscopy 
Transverse and longitudinal sections of Kpon-embedded material for 
electron microscope studies were cut with a Dupont diamond knife on an 
LKB 8800A Ultratome III ultramicrotome, Section thickness ranged from 
60-90 nm as indicated by diffraction colors. Sections were mounted on 
carbon-coated, formvar-supported 150- or lOO-mesh copper grids. The 
thin sections were stained with 15-percent or 20-percent methanol uranyl 
acetate (Stempak and Ward, 1964), or lead citrate (Reynolds, 1963). 
Specimens were observed on an RCA EMU-3F electron microscope operated 
at 50 kv. Direct magnifications of approximately 2,100 to 29,600 were 
photographed on Cronar Ortho-s-Litho film. All negatives were enlarged 
and printed on Kodabromide F single-weight paper. 
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OBSERVATIONS 
Uninfected Root Anatomy 
Although the origin of the root cap and epidermal cells proved diffi­
cult to determine, after observing a number of sections, I believe this 
origin to be a common layer of apical initials. The root cap is two to 
three cells thick (Figures 3, 5, 6). Sloughed root cap cells are found 
adjacent to the epidermis along the root apex (Figures 3-9) . 
Observations of transverse and longitudinal sections of uninfected 
roots reveal a single, darkly stained layer (Figures 3-9) of epidermal 
cells with occasional root hairs (Figure 5). In longitudinal section the 
end walls are obliquely oriented to the vertic?! axis (Figures 3, 4). 
The external wall is noticeably thicker (Figures 4, 6, 9). Sometimes 
separation along the middle lamella between end walls of epidermal cells 
is observed (Figures 7). Whether this is an artifact resulting from sec­
tioning or not is not known. 
Mature epidermal cells are highly vacuolate. The vacuoles contain 
variously shaped, darkly stained masses similar to tannins that have been 
described in most root studies (Figures 3-9). Cytoplasm occurs as a thin 
layer appressed to the cell wall and appears more appressed and thus more 
dense than in adjacent cortical cells (Figures 4, 6, 9). Organelles are 
difficult to distinguish. 
Internal to the epidermis are two layers of cortex; henceforth I re­
ferred to them as the external and internal cortex (Figures 5, 6, 8, 9). 
Cortical cells are highly vacuolate. A thin layer of cytoplasm lines 
the cell wall (Figures 4, 6, 9, 10). The cytoplasm of the external cortex 
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appears less dense with greater definition than the internal cortex 
(Figures 6, 9), 
Adjacent to the internal cortex is a single layer of vacuolate endo-
dermal cells (Figures 5, 8, 10). Frequently, the vacuoles of these cells 
contain phenol-like compounds (Figures 10, 11). A narrow band of dense 
cytoplasm lines the cell wall. Organelles within the cytoplasm are diffi­
cult to distinguish (Figures 10, 11). There is no evidence of casparian 
strips in any of the endodermal cells observed in this study. 
The stele is bounded by a single layered pericycle. These cells 
resemble the cortical cells except for their thinner walls (Figure 10). 
The protoxylem vessels are few, usually in groups of two or three, 
forming a diarch pattern (Figures 5, 8, 10, 12). Vessel wall thickening 
is either annular or spiral (Figures 12, 13). Isolated cells within the 
stele contain darkly stained substances thought to be tannins (Figures 5, 
8, 10, 14). 
Mycorrhizac 
The anatomy of ectotrophic white oak mycorrhizae can be subdivided 
into the following regions: 1) Root-cap, 2) mantle, 3) Hartig net, 
4) cortex, 5) endodermis and 6) stele (Figure 15). In the mycorrhizal 
association under study, the fungus is found in all regions external to 
the cortex. 
Root cap 
After observing many longitudinal sections, I believe that the rooL 
cap cells and the epidermis share a common origin. The root cap cells 
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form at least a three-celled layer (Figures 16, 17, 20). The root cap 
cells enlarge and become highly vacuolate (Figures 16, 17). The cyto­
plasm of these cells appears darker than the root cap initials and the 
vacuoles contain tannin-like masses (Figures 17, 20). Further accumula­
tion of tannin-like material results in honey-combed or completely filled 
vacuoles (Figures 19, 22). Even in tannin-filled root cap cells cytoplasm 
is evident, but is more homogeneous and less granular than other cells 
of the meristematic region (Figures 19, 22). 
As the mycorrhiza elongates the tannin-filled root cap cells become 
situated along the length of the mycorrhiza and within the inner mantle 
(Figures 18, 19, 26, 28, 29, 31, 34). The hyphae of the mantle seemingly 
penetrate into and between the tannin-containing cells (Figures 26, 29, 
31, 36). 
Mantle 
The fungal cells of the mantle represent hyphae of a basidiomycetous 
fungus. Dolipores containing porous parenthesomes, typical of Basidio-
mycetes, are found in the mantle cells (Figures 38, 39). Also of diag­
nostic value is the common occurrence of two nuclei in each cell (Figures 
29, 36, 39). Clamp connections were not observed in the material studied. 
Although these structures are of value in identifying Basidiomycetes, 
they are not uniformly found in this class of fungi. 
Under light microscope observation, two layers of mantle can usually 
be distinguished (Figures 18, 28, 40, 41), Electron microscopic observa­
tion shows that the hyphae ot the mantle are randomly oriented (Figures 29, 
31, 34, 39). Hyphae within the tannin-filled root-cap cells are nearly 
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spherical as seen iu  ooth cross and longitudinal section (Figures 19, 28, 
29, 31, 34, 41). A zone of compressed fungal cells is frequently found 
near the periphery of the randomly oriented hyphae (Figures 31, 34, 41). 
Hyphae of the mantle gradually senesce from near the meristematic 
region to the mature region of the mycorrhiza (Figures 39, 45). In like 
manner there also appears to be a gradual senescence from the inner to 
the outer mantle (Figures 29, 31, 34, 39). Most of the hyphal cells in 
the outer mantle are highly vacuolate and lack cytoplasmic organization 
(Figures 31, 33, 34, ^9, 41, 45). 
The interhyphal spaces of the inner layer of the mantle often con­
tain an amorphous matrix similar to that described by Foster and Marks 
(1966) (Figures 19, 23, 26, 31, 34, 39). They concluded that this mater­
ial was a fungal sec-ezion of a gelatinous nature or soil particles. In 
some cases, the outer hyphal wall is roughly textured (Figure 23). 
External to the compressed cells is a loose weft of hyphal cells 
(Figures 40, 41) frequently lacking cytoplasmic integrity (Figures 29, 
31, 39). Emerging from the external layer of the mantle at right angles 
to the long axis of the root are numerous one- to three-celled pyriform 
specialized hyphae or cystids (Figures 29, 32, 33, 40, 41, 56). Occa­
sionally conidium-like structures are seen adjacent to the cystids 
(Figure 56). 
Observation of hyphal fine structure reveals cytoplasm bounded ex­
ternally by a plasmalemma (Figure 23). Nuclei are bounded by a continuous 
double unit membrane (Figure 23), in contrast to that reported in other 
mycorrhizae (Foster and Marks, 1966). In one instance a nucleus is ob­
served appearing to pass through a partial septum (Figure 29). 
Most hyphal cells of the mantle are vacuolate. The central vacuole 
of the Innermost hyphal cells is generally electron transparent and the 
cytoplasm usually contains many smaller vacuoles (Figure 36). 
The cytoplasm of the inner mantle layers contains spherical aggre­
gations of granular deposits similar to the glycogen bodies reported by 
Foster and Marks (1966) (Figures 26, 29, 31, 34, 36, 39). In most cases 
they are located peripherally, are not membrane bound, and are surrounded 
by an area of lesser cytoplasmic density. These aggregations appear to 
stain irregularly because of their variance in electron density (Figures 31 
36, 39). Spherical aggregations are numerous in all hyphal cells of the 
mantle except for those cells nearest the meriscematic region where only 
a few are found (Figures 19, 23, 38). Aggregations are even observed 
within senescent hyphal cells (Figure 30). 
Fungal mitochondria appear as various shapes due to the angle of sec­
tioning (Figures 23, 34, 36). They are more numerous in cells near the 
meristematic region (Figures 19, 23) than in other fungal cells. Cristae 
of the fungal mitochondria are longer and fewer (Figures 23, 34, 36) than 
the sickle-shaped cristae of the host (Figure 48). 
Endoplasmic reticulum (ER) is not abundant in the cytoplasm of most 
hyphal cells. However, cells near the meristematic region contain more 
ER than in other regions (Figure 23). In these instances the ER appears 
to be associated with both the nuclei and the plasmalemmae (Figure 23). 
Whorls of membranes, myelin configuration, are observed in hyphal cells 
of the internal mantle near the meristematic region (Figures 27, 36). 
These extend into the vacuole. Lomasomes also are observed in the hyphal 
cells (Figure 38). Dictyosomes are not evident. 
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Hartig net 
The Hartig net is composed of the outermost layer of host cells (in­
ternal to the root cap remnants) and intercellular hyphae (Figures 15, 
28, 36, 37, 44). In longitudinal section, the host cells of the Hartig 
net orient obliquely and elongate radially. They are colonized inter-
cellularly by hyphae (Figures 16, 18, 28). 
Young elongating host cells contain large nuclei, and many small 
vacuoles. Occasionally the small vacuoles appear to coalesce forming 
larger vacuoles (Figure 20). By the time elongation is completed, only 
a thin layer of cytoplasm lines the cell wall (Figures 26, 35, 36, 37, 
42). The cytoplasm of mature host cells stains darkly (Figures 35, 37, 
47) and exhibits basipetal degeneration (Figures 36, 37. 44, 45). Forma­
tion of phenolic masses (coacervates) coincides with elongation and occurs 
before hyphal penetration (Figures 16, 20, 35, 37, 41, 47, 56). Coacer­
vates appear as large, irregular or spherical masses that frequently ad­
here to the tonoplast (Figures 20, 36). Although these cells comnoniy 
contain phenolic masses, the amounts vary. Only small phenolic deposits 
remain within the degenerated cells (Figure 44). 
From observations on a number of sections I think that the apical 
initials divide anticlinally to produce epidermal cells (Hartig net host 
cells) and periclinally to produce root cap cells (Figures 16, 17, 20). 
The host cells immediately begin to elongate obliquely. Where elongation 
of host cells is complete, the Hartig net shows ae a one-celled layer in 
longitudinal section (Figures 16, 18, 28). However, in transverse sec­
tion the Hartig net may appear as two or three layers resulting from the 
oblique orientation of the cells (Figures 35, 37, 41, 53). The elongation 
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of epidermal cells occurs before the growth of intercellular hyphae 
into the region (Figures 16, 19, 20, 56). The region properly can not 
be called Hartig net until after this intercellular growth of the fungus. 
Cellular projections between the elongated host layer and inner mantle, 
such as those described by Clowes (1951) in superficial ectotrophic mycor-
rhizae of beech, were not observed. 
The intercellular colonization of host cells is progressive. Prior 
to complete Hartig net formation, fungal growth proceeds inward through 
the tannin-filled root cap cells (Figures 16, 19, 26, 31). Intercellular 
fungal growth occurs only after the elongation of host epidermal cells is 
nearly complete. Complete intercellular growth results in the completion 
of Hartig net formation (Figures 44, 52, 53). Hyphae of the Hartig net 
were never found intracellularly. 
Fungal cells of the Hartig net, like those of the mantle, contain 
two nuclei in each cell (Figure 42) and dolipores bordered by porous 
parcnthescmes (Figure 36)^ 
The ER is sparse in hyphal cells. Concentric whorls of membranes, 
myelin configuration, found in the mantle cells were not observed in the 
Hartig net hyphal cells. Granular deposits (glycogen bodies) similar to 
those found in the mantle cells also are seen in hyphal cells of the Hartig 
net (Figures 36, 42). These bodies similarly exhibit various electron 
densities. 
Cortex 
The mycorrhizae of white oak possess two distinct cortical layers 
(Figures 43, 49, 50, 52, 53). Cortical cells are highly vacuolate 
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(Figures 49-53). The cytoplasm of the internal cortical layer is less 
dense, with greater definition than the external layer (Figures 46, 47, 
50). Organelles are difficult to distinguish in the external cortical 
layer. Starch, when observed, occurs near the meristematic region (Fig­
ure 48). 
The walls of the internal layer of cortical cells are thickened 
along their inner tangential surfaces and usually along part of the radial 
surfaces (Figures 49-53). Thickening is not uniform, for thinner areas 
occur (Figures 28, 51, 52, 53). In longitudinal section this thick­
ening is characteristic of the mycorrhiza throughout most of its 
length (Figures 16, 28). However, the thickening is more pronounced in 
the mature region of the mycorrhiza (Figure 52) and, less so near the 
meristematic area (Figure 53). Similar thickening was not observed in 
the uninfected root. 
Endodermis 
The endodermis stains darkly throughout most of the mycorrhizal 
length. Fine structural examination reveals that the darkly stained sub­
stance, probably phenols, is diffused throughout the vacuole (Figures 46, 
54, 55). This differs from the coacervates found in the endodermis of 
the uninfected root. Variation in accumulated phenolics is seen in trans­
verse sections through a mycorrhiza at different levels of development 
(Figures 57-62). The endodermis differentiates before the protoxylem 
and even at these early stages of development, phenolic substances are 
frequently observed (Figures 28, 56, 62). In short laterals arising from 
a mother mycorrhiza, the darkly stained endodermis is continuous with 
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that ol' tiie mother mycorrhiza (Figure 56). Kndoclermal cytoplasm likewise 
stains darkly (Figures 50, 55). As in the uninfected root no casparian 
strips were seen. 
Stele 
The steles of mycorrhizae are like that of uninfected roots. The 
primary xylem vessels are arranged in a diarch pattern (Figure 43). 
Pitted, helical (Figures 63, 64) and reticulate thickenings (Figure 56) 
are observed. Although phenolic substances characteristically are observed 
within the endodermal cells, cells of the pericycle also occasionally con­
tain phenolics (Figures 52, 60, 62). Other isolated cells in the stele 
similarly contain phenolics (Figures 53, 54). 
Development of lateral mycorrhiza 
Young laterals appear to arise from a mother mycorrhiza 
(Figure 56). The anatomy and development of these laterals are 
the same as that of the mother mycorrhiza. While still enveloped by the 
mantle of the mother mycorrhiza, elongated epidermal cells containing 
coacervates can be seen (Figure 56). Freshly sloughed, tannin-filled 
root cap cells from the lateral mycorrhiza are found within the mantle of 
the mother mycorrhiza (Figure 56). 
; did not find any lateral mycorrhizae that had ruptured the mother 
niycorrhizal mantle. All of the yellow mycorrhizae used in this study were 
young. This could account for the continuous mantle of the mother mycor­
rhiza . 
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CONCLUSIONS AND DISCUSSION 
The structures of the yellow mycorrhiza and uninfected root of white 
oak were similar to that reported earlier for Eucalyptus (Chilvers and 
Pryor, 1965). Penetration of Epon was impeded because of the heavy tannin 
accumulation in the sloughed root cap cells in the inner mantle. It was 
therefore difficult to obtain routinely intact sections of the Hartig net. 
Otherwise, I was surprised at how well the material processed considering 
problems other workers have had using less critical techniques. 
The ectotrophic mycorrhiza of white oak possessed a distinct root 
cap. This agrees with other studies on Angiosperms; the lack of a root 
cap is common in gymnosperms. While the root cap consisted of not more 
than two layers of cells in Eucalyptus mycorrhizae (Chilvers and Pryor, 
1965), I found commonly three to four layers of cells in the white oak 
mycorrhiza. The vacuoles of these cells progressively fill with tannin 
acropetally. Concurrently with the formation of tannin masses, these 
cells also exhibited darkly stained cytoplasm. These fine structural 
observations agree with earlier light microscope studies on Fagus 
sylvatica (Clowes, 1954). 
From my observations on the white oak mycorrhiza I believe the root 
cap cells have an origin in common with that of the epidermal cells, 
whether they appear normal as in uninfected roots or elongated as in the 
Hartig net of the mycorrhiza. Clowes (1951, 1954) also reported this 
for F. aylvatica. 
The breaking and subsequent decomposition of the trapped, tannin-
filled root cap cells within the inner mantle of the white oak mycorrhiza 
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supports the earlier observations of Clowes (1954) and Chilvers (1968a). 
I propose that this is characteristic of ectotrophic mycorrhizae of 
angiospertns. The oldest regions of the white oak mycorrhiza showed 
little of the tannin so abundantly present in younger regions. This 
observation lends support to the belief that, far from being a toxic 
substance, tannin may actually be used by the fungus as a carbon source, 
A number of workers have demonstrated the ability of fungi to utilize 
tannin. Cells completely surrounded by the tannin mass in the white oak 
mycorrhiza retained their cytoplasmic integrity and contained granular 
storage products similar to the glycogen accumulations reported for Pinus 
radlatq (Foster and Marks, 1966). I suggest the possibility of the 
fungus utilizing the tannin and storing the carbohydrate produced as 
glycogen. This conclusion is opposite to that of Foster and Marks (1966) 
who considered the tannin toxic to the fungal cells in radiata mycor­
rhizae. The tannin layer in this species appeared to cause abnormal 
growth of hyphae. Therefore, pine tannin may be of different quality. 
There are different proposals concerning the origin of the tannin 
layer. My interpretation for the white oak mycorrhiza, sloughed, tannin-
filled root cap cells, agrees with studies on other angiosperms, Eucalyp­
tus (Chilvers and Pryor, 1965; Chilvers, 1968a) and F. sylvatica (Clowes, 
1951, 1954). Studies on pine have indicated that this layer is produced 
from cortical cells (Foster and Marks, 1966) or epidermis (Marx and Davey, 
1969a, b). The absence of a root cap in most gymnosperm ectotrophic 
mycorrhizae explains the reasoning that the tannin layer cells in pine 
originate from other cells than root cap cells. 1 believe that when a 
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root cap Is present, such as in angiosperme, the tannin layer consista of 
sloughed, tannin-filled root cap cells. 
Both Chilvers (1968a) and Foster and Marks (1966) reported that hyphae 
in the tannin layer in older parts of mycorrhizae became impregnated with 
tannin. I did not make this observation for the white oak mycorrhiza. 
Since fungi appear to lack the capacity of producing tannin, the tannin in 
these cells, reported by others, probably was of host origin. 
External to the tannin-filled root cap cells, the fungal cells ap­
peared to exhibit a gradual compression, culminating in the compressed 
layers of the outer mantle. A loose weft of hyphae located outside the 
compressed layers contained flask-shaped cystids. Conidium-like bodies 
occasionally were seen at the tips of cystids. These bodies are a mystery 
since the cytoplasm of most cystids was disorganized and therefore un­
likely able to produce conidia. Rhizomorphs, sometimes reported for 
mycorrhizae, were not seen in the white oak mycorrhiza. 
I believe the mantle consists basically of one- to three-celled seg­
ments not long chains of hyphal cells. Longitudinal and transverse sec­
tions observed together support my view. 
Unlike the mycorrhiza of Eucalyptus (Chilvers and Pryor, 1965), the 
inner layers of the mantle of the white oak mycorrhiza contained abundant 
interhyphal space, often partially filled with darkly stained, amorphous 
substance believed to be either a fungal cell secretion product (Moore, 
1965) or soil particles (Foster and Marks, 1966). This substance was ob­
served in early stages of Hartig net formation. Darkening of the inter­
hyphal space in this layer may be due to a soluble fraction of tannin 
diffusing from the root cap cells, 
Foster and Marks (1966) reported thinner walls for hyphae of the 
inner mantle. No difference in hyphal wall thickness could be discerned 
in the cell walls of the two layers in the white oak mycorrhiza. 
Much has been written concerning the intimate association of soil 
microflora with roots. Foster and Marks (1966, 1967) observed bacteria 
associated with the fungal mantle, particularly with the external mori­
bund layers, but also as far internally as the tannin layer. There was 
no evidence of association of other microorganisms with the fungal mantle 
of the white oak mycorrhiza. Since other microorganisms were absent in 
the white oak mycorrhiza, I would discount the emphasis made by some 
workers on the importance of bacterial enzyme secretion in the penetra­
tion process of mycorrhizal fungi. 
My examination of meristematic regions of uninfected roots and 
mycorrhizae of white oak indicate an origin of epidermal cells common 
to both. However, there are some important differences; 1) the mycor­
rhizal epidermal cell has elongated obliquely to the vertical axis, 2) no 
root hairs are formed, the mantle assumes the absorptive function, and 
3) the cell wall is uniformly thickened in contrast to the thickened outer 
and radial walls of the epidermis from uninfected roots. 
While elongation of host cells in the white oak mycorrhiza proceeds 
immediately from the cytogenerative center of the root, intercellular 
growth of the mycorrhizal fungus generally not occur until elongation 
had ceased, approximately ten to twelve cells from this center. This 
agrees with Chilvers' and Pryor's (1965) observations on Eucalyptus mycor-
rhizae. 
Accumulation of phenolics was observed in elongated epidermal cells 
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of the white oak mycorrhiza. However, these phenolics were not as abundant 
in these cells as in the root cap cells, nor was the pattern of accumula­
tion the same. Coacervation also was observed in roots enveloped by a 
mantle but without Intercellular colonization by hyphae. Therefore, ray 
observations agree with those on Eucalyptus (Chilver, 1968a) that pene­
tration is not a prerequisite to coacervation. 
Accumulation of phenolics also was observed in the epidermis of 
uninfected roots. Therefore, I do not believe that the formation of 
coacervates is a specific reaction of root cells of £. alba to the mycor-
rhizal fungus, only that their formation is accentuated in the presence 
of hyphae. As the elongation of host epidermal cells proceeds, small 
vacuoles appear to coalesce. A gradual basipetal degeneration of cyto­
plasm occurs until these host cells of the Hartig net are completely 
devoid of intact cytoplasm. In the mature area of the mycorrhiza, the 
function of these dead host cells is unknown. 
The Hartig net in the white oak mycorrhiza consisted of an obliquely 
elongated epidermis colonized intercellularly by a single row of basidio-
mycetous fungal cells. Elongated epidermis has been reported as the 
Hartig net host cells for such angiosperms as beech (Clowes, 1951) and 
Eucalyptus (Chilvers and Pryor, 1965; Chilvers, 1968a). In birch, linden, 
filbert (Gorbunova, 1955), and oak (^. pedunculate) (Trubetskova and 
Mikhalevskaya, 1955) these cells have been called elongated cortical cells. 
Elongated cortex also was noted in reports on ectotrophic mycorrhizae of 
gymnosperms (Laing, 1932; Shemakhanova, 1962; Foster and Marks, 1966; 
Marx and Davey, 1969a, b). 
Involvement of the cortex in the Hartig net appears to be a 
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characteristic feature of gymnosperms. Not enough attention has been given 
to the ontogeny of mycorrhizae of angiosperms. 1 believe a closer exami­
nation would reveal involvement of epidermis rather than cortex in the 
Hartig net of these plants. 
While the typical mycorrhlza is characterized by elongation of host 
cells followed by intercellular growth of the mycorrhizal fungus into 
this layer, exceptions are noted. Clowes (1951) indicated a superficial 
ectotrophic mycorrhlza of F. sylvatica, enveloped by a mantle, in the 
absence of a tangentially elongated, uncolonized layer of host epidermis. 
Short root hairs projected into the tannin-filled root cap cells between 
the mantle and epidermis. I observed a similar white oak root enveloped 
by a mantle. The epidermal cells of this root were elongated in absence 
of intercellular growth, and no short root hairs were seen. The inner 
tangential and radial walls of the internal cortical cells were thickened. 
As will be discussed later, this cell wall thickening plus the elongation 
of the epidermal cells and lack of root hairs were characteristic for 
ectotrophic mycorrhizae of alba and Eucalyptus. 
From my observations and the studies of Slankis (1948, 1949, 1950, 
1951; 1958, 1967) on auxins and auxin-like compounds, I suggest that auxin 
secretions from mycorrhizal fungi induce epidermal cell elongation without 
the necessity of intercellular growth of hyphae either before or after 
such elongation. This disagrees with Chilvers and Pryor (1965) who state 
that intercellular fungal growth is always a sequel to host cell elonga­
tion. The absence of elongation of the external host layer enveloped 
by a fungal mantle in beech (Clowes, 1951) would therefore suggest weak 
or no auxin production by the fungus in the mantle. I would question the 
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term superficial ectotrophic mycorrhiza used by Clowes for this relation­
ship. The existence of only a mantle hardly meets the anatomical and 
physiological requirements of an ectotrophic mycorrhiza. 
The literature is divided on whether the mantle exists before the 
Hartig net or after. The evidence from my observations is overwhelming 
for mantle formation prior to Hartig net formation. In the mantle-covered 
meristematic region, the epidermal cells begin to elongate soon after they 
are produced. The young lateral mycorrhizae are enveloped by the mantle 
from the mother mycorrhiza when their epidermal cells elongate. Inter­
cellular penetration by the mycorrhizal fungus does not happen until 
elongation of epidermal cells ceases. 
Hyphal growth inward from the elongated epidermal layer was not ob­
served in the white oak mycorrhiza. Intracellular hyphae was not found 
within host cells of the Hartig net. Although earlier reports (Clowes, 
1951) indicated growth of hyphae into the cortex and intracellular growth 
in the epidermis, I believe such growth indicates senescence of the 
mycorrhiza. Likewise, Clowes' (1954) observations on the deterioration 
of the epidermis and cortex Indicates, I believe, senescence. 
From my observations of the white oak mycorrhiza, I have no reason 
to dispute previous interpretations that fungal intercellular growth fol­
lows the enzymatic weakening of the middle lamella and mechanical cleavage 
of contiguous epidermal cell walls. Less interhyphal space within the 
Hartig net was seen in the alba mycorrhiza than that reported for P. 
radiata (Foster and Marks, 1966, 1967). Contiguous cells of the fungus 
appeared rounded or flattened in section. 
The fungal partner found in the mantle and Hartig net of the white 
oak mycorrhiza was a basidiomycete. Two nuclei per cell were frequently 
observed in both mycorrhizal regions. The characteristic dolipore with 
its porous parenthesome (Bracker and Butler, 1963; Giesy and Day, 1965) 
was also seen in these regions. Clamp connections were not observed in 
the white oak mycorrhiza. This lack of clamp connections is consistent 
with the observations on Eucalyptus (Chilvers, 1968a) and P. radia ta (Foster 
and Marks, 1966). The absence of clamp connections does not mean the 
fungus is not a basidiomycete; a positive correlation exists only between 
the presence of clamp connections and a basidiomycete. 
Fungal mitochondria were small and rounded or somewhat elongated 
with fewer, elongated cristae than the shorter, more numerous, sickle-
shaped cristae of the host. No single-membrane limited mitochondria-like 
organelles like those reported for P. radiata (Foster and Marks, 1966) were 
observed in the fungal cytoplasm of the Q, alba mycorrhiza. 
Cytoplasmic degeneration of the fungal cells was obvious from the 
interior of the mantle outward in the white oak mycorrhiza. Foster and 
Marks (1966) made a similar observation in the mantle of P. radiata. Basi-
petal cytoplasmic degeneration also was evident. 
Of interest were whorls of membranes, myelin configuration, observed 
occasionally in fungal cells. These were similar to the whorls of endo­
plasmic reticulum (Furtado et £l., 1967) or the extensive lamellar system 
(Prusso and Wells, 1967). These were more frequently seen close to the 
meristematic region in the white oak mycorrhiza. Their significance is 
unknown. 
Glycogen has been reported to be common in the cells of mycorrhizal 
fungi (Fries, 1924; Melin, 1953; Lewis and Harley, 1965). Glycogen has 
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been characterized by Hawker (1965) as granular in electron micrographs. 
The accumulations in the g. alba mycorrhizal hyphae appeared similar to 
the alpha particles (Revel, 1964) and glycogen accumulations (Foster and 
Marks, 1966). The accumulations in hyphal cells of the white oak mycor-
rhiza consisted of easily distinguished, nearly spherical sub-units when 
observed at high magnifications. Although the particles observed by Revel 
(1964) varied among cells, Foster and Marks (1966) made no mention of the 
varied electron densities of glycogen bodies among cells. I noted such 
variation in the mycorrhizal hyphae of white oak. The significance of 
this variation is not known. 
Foster and Marks (1966) reported more abundant glycogen in hyphal 
cells of the Hartig net than in the mantle cells of mycorrhizae of P. 
radiata. In the white oak mycorrhiza, glycogen accumulations were not as 
abundant as in pine mycorrhiza, nor was glycogen any more abundant in the 
hyphae of the Hartig net than in mantle hyphae. The scarcity of glycogen 
aggregalions in hyphal cells near the meristematic region suggests a pos­
sible relationship to hyphal intercellular penetration since penetration 
had not yet occurred in this region. 
Although reference has been made to diminution of starch accompanied 
by abundant glycogen in hyphae in the Hartig net, particularly in cortical 
regions of ectotrophic mycorrhizae (Fries, 1924; Laing, 1932; Foster and 
Marks, 1966), such an observation was not made in the ectotrophic mycor­
rhiza of 2* alba. While cortical cells may contain starch, epidermal 
cells usually do not and none was detected in this layer in alba. The 
Hartig net forms in the epidermal layer of alba with practically no 
hyphal contact with the cortex. Therefore starch is not believed to be 
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an important source of fungal carbohydrate in alba. 
Unlike the roots of loba ta, in which the mycorrhiza contained 
three layers of cortical cells and the uninfected root, six layers (Vozzo 
and Hacskaylo, 1964), the number of cortical-cell layers in alba was 
the same in both mycorrhiza and uninfected root. Two layers of cells 
were consistently observed throughout this study. 
The cortical cells were highly vacuolate, with a very thin layer of 
cytoplasm lining the cell wall. Electron micrographs indicated a differ­
ence in staining properties of cytoplasm in these two layers. The internal 
layer was more darkly stained with less cytoplasmic definition than the 
external layer in uninfected roots: the reverse appeared to be the case in 
the mycorrhiza. Further investigation is needed to corroborate this ob­
servation and to determine its possible significance. 
The thickening of the inner tangential and radial walls of the inter­
nal cortical layer was characteristic for the mycorrhiza of alba. Aside 
from Chilvers and Tryor (1965) calling attention to this thickening in 
Eucalyptus, no other reference has been made to this phenomenon. If the 
phenomenon exists in F. sylvatica, it was not mentioned by Clowes (1951), 
The fine structural study of P. radiata also did not indicate this corti­
cal thickening (Foster and Marks, 1966). In all cases, this thickening 
was associated with fungal presence and never occurred in its absence. 
Fungal intercellular growth was not a prerequisite for this phenomenon. 
I believe that this thickening of inner-cortical cell walls along with 
elongation of epidermal cells and lack of root hairs nre induced by a 
translocatable fungal metabolite such as auxin. 
The endodermis was a single layer of cells external to the pericycle. 
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Although casparian strips are reported to be nearly always present in root 
endodermis (Esau, 1965) none were observed either in the mycorrhiza or 
the uninfected root of alba. The darkly stained substance in the 
endodermis of the white oak mycorrhiza was evenly dispersed in the 
vacuole in contrast to coacervates in the vacuoles of the uninfected 
root endodermis. Not all the cells of the endodermis however, exhibited 
tannin infusion in either the mycorrhiza or the uninfected root. No 
distinguishable pattern of tannin accumulation was observed in £. alba 
like that described for F. sylvatica (Clowes, 1951). 
The stele of both the mycorrhiza and the uninfected white oak 
root appeared the same. A few darkly stained cells were present. In 
the older region of the mycorrhiza, tannin accumulation was commonly 
observed in cells of the pericycle. Isolated tannin-filled pericycle 
cells in the uninfected root also were observed. Both the mycorrhiza 
and the uninfected root exhibited an occasional tannin-filled cell 
internal to the pericycle. This observation differs from that of 
no tannin in the stele of 2- pedunculate (Trubetskova and Mikhalevs-
kaya, 1955) . 
In conclusion, this study has provided the first electron micro­
scope observations of a white oak mycorrhiza. Although some relation­
ships within the mycorrhiza have been clarified, there are still many 
unanswered questions and likewise many new ones. TKd ontogeny of the 
Hartig net, the stimulus causing the characteristic mycorrhizal elon­
gated host cells, the mechanisms of tannin accumulation and deteriora­
tion, fungal growth within the Hartig net, and the development of 
lateral mycorrhizae are examples where more study is needed. With the 
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electron microscope joining the more critical physiological techniques 
of today, we can begin to understand more fully the complexity of the 
ectotrophic mycorrhizal relationship. 
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SUMMARY 
1. The fungal partner of the white oak mycorrhiza was a Basidiomycete. 
2. The root cap cells and epidermal cells appeared to share a common 
origin. 
3. Vacuoles of root cap cells progressively filled with tannin and were 
sloughed becoming lodged along the length of the mycorrhiza between 
the mantle and elongated host epidermal cells. 
4. Tannin outside the external cortical layer appeared to diminish basi-
petally. 
5. Hyphal growth proceeded from the mantle through and between the tannin-
filled root cap cells and intercellularly in the elongated host epi­
dermal layer. 
6. Hyphal cells of the external layers of the mantle were senesced, 
7. Intercellular hyphal growth occurred among the elongated cells of the 
epidermis forming the H^rttg net. 
8. Intercellular hyphal growth was limited internally to the elongated 
host cells of the Hartig net. 
9. Cytoplasm of the host cells of the Hartig net degenerated basipetally. 
10. Glycogen was the major storage product observed in the fungal cyto­
plasm in both mantle and Hartig net. 
11. There were two cortical cell layers in both the mycorrhiza and the 
uninfected root. 
12. The inner tangential and radial walls of the internal cortex cells in 
the mycorrhiza were thickened. This phenomenon was absent in the un­
infected root. 
13. The endodermis was a single layer, contained tannin in both the 
mycorrhiza and the uninfected root, but lacked casparian strips. 
14. The stele was diarch in the mycorrhiza and the uninfected root, 
15. The pericycle in the mycorrhiza and the uninfected root as well as 
other isolated cells in the stele contained darkly stained substances 
presumed to be phenols. 
16. Lateral mycorrhizae developed from the mother mycorrhiza still en­
veloped by the mantle of the mother mycorrhiza. 
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APPENDIX A: DEHYDRATION, INFILTRATION AND EMBEDDING 
Dehydration and Infiltration 
Epon specimens were dehydrated in the following manner at room temp­
erature. All specimens were rotated on a slow rotating mixer during the 
infiltration of pure Epon. 
Dehydration: 
1. 10 minutes in 50 percent ethanol in ice bath 
2. 10 minutes in 70 percent ethanol in ice bath 
3. 10 minutes in 95 percent ethanol in ice bath 
4. 3 changes of 5 minutes each in 100 percent ethanol 
5. 3 changes of 5 minutes each in propylene oxide 
Infiltration: 
1. 3-4 hours in a mixture of 1 part Epon ; 3 parts propylene oxide 
2. 3-4 hours in a mixture of 1 part Epon : 1 part propylene oxide 
3. 3-4 hours in a mixture of 3 parts Epon : 1 part propylene oxide 
4. 12-15 hours (overnight) pure Epon 
5. Specimens were embedded in shallow boats made of aluminum foil. 
6. Stepwise polymerization was accomplished at 33°C for 24 hours, 
45°C for 24 hours and 60°C for 1 to 2 days. 
Embedding 
Specimens were embedded in Epon 812 (Luft, 1961). 
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Epon 812: 
1. Mixture A 
62 ml of Epon 812 
100 ml dodecanyl succinic anhydride (DDSA) 
2. Mixture B 
100 ml of Epon 812 
89 ml of nadic methyl anhydride 
3. Add mixture A to B in 3 : 2 ratio 
4. Add 0.2 ml of DMP-30 (catalyst) per 10 ml of Epon mixture. 
DMP-30 = 2,4,6-tri(dimethylaminomethyl)phenol 
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APPENDIX B: KEY TO LABELLING 
c cytoplasm R root cap cells 
CF compressed fungal layer S senescent hyphae 
Cy cystid SI stele 
D dolipore Sp conidlum-like body 
E and e endodermis St starch 
EC and ec external cortex T internal cortical cell wall 
thickening 
Ep epidermis 
V vessel 
ER endoplasmic reticulum 
Va vacuole 
F fungus 
W cell wall 
G glycogen 
H root hairs 
HN Hartig net 
IC and Ic internal cortex 
T, lomasome 
Ma matrix 
M and m mantle 
Mi mitochondrion 
N nucleus 
NM nuclear membrane 
Nu chromatin material 
P pericycle 
Pa parenthesome 
Ph phenolics 
PI plasmalemma 
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APPENDIX C: FIGURES 
Figure 3. Light microscope longitudinal section with an area 
associated to Figure 4 outlined. Line scale repre­
sents 20 microns 
Figure 4. Longitudinal section through the epidermis of an 
uninfected white oak root showing phenolic accum­
ulations, a thickened outer wall, and dense cyto­
plasm. Note also tannin-filled root cap cells 
and external cortical cell. Line scale represents 
1 micron 

Figure 5. Light microscope cross section with an area assoc­
iated to Figure 6 outlined and showing isolated 
cells of the stele containing darkly stained sub­
stances. Line scale represents 20 microns 
Figure 6. Cross section through an uninfected root showing 
internal and external cortical cells with a thin 
layer of cytoplasm lining the cell wall. Note 
the less dense cytoplasm of the external cortical 
layer, and tannin-filled root cap cells. Line 
scale represents 2 microns 

Figure 7. Longitudinal section of epidermis of an uninfected 
root showing separation between end walls. Note 
phenolic accumulations in epidermis. Line scale 
represents 2 microns 
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Figure 8. Light microscope cross section of an uninfected 
root showing two cortical layers and phenolics in 
endodermal cells. Line scale represents 20 microns 
Figure 9. Cross section of an uninfected root showing in­
ternal and external cortical cells. Note the dif­
ference in cytoplasmic definition of these two 
layers. Line scale represents 2 microns 

Figure 10. Cross section of an uninfected root showing endo-
dermal layer, pericycle, and other cells of the 
stele. Note dense cytoplasm and phenolic accumu­
lations in certain endodermal cells. Line scale 
represents 2 microns 
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Figure 11. Cross section showing an endodermal cell of an 
uninfected root containing phenolic deposits 
adjacent to the tonoplast. Note lack of cytoplas­
mic definition within the cytoplasmic bridge. 
Line scale represents 0.1 micron 
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Figure 12, Cross section of stele of an uninfected root 
showing the primary xylem vessels of the diarch 
stele. Line scale represents 2 microns 
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Figure 13. Longitudinal section through the stele of an 
uninfected root showing secondary wall thicken­
ing of xylem vessels. Line scale represents 
1 micron 
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Figure 14. Cross section through the stele of an uninfected 
root showing isolated cells containing phenolic 
deposits. Line scale represents 1 micron 
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Figure 15. Median longitudinal section line drawing of a 
white oak mycorrhiza 
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Figure 16. A light microscope longitudinal section of the 
meristematic region of a mycorrhiza revealing 
possible origin of root cap and epidermal cells. 
Note single layer of elongated host cells. Line 
scale represents 20 microns 
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Figure 17. Longitudinal section near the meristematic region 
showing several layers of root cap cells with 
vacuoles partly filled with tannin. Note darkly 
stained cytoplasm of root cap cells. Line scale 
represents 2 microns 

Figure 18. Light microscope longitudinal section associated 
to section in Figure 19, and showing tannin-filled 
root cap cells lying between mantle and Hartig 
net. Note layered composition of the mantle. 
Line scale represents 40 microns 
Figure 19. Longitudinal section near the meristematic region 
showing initial hyphal growth through root cap 
cells. Line scale represents 2 microns 
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Figure 20. Longitudinal section showing elongating epidermal 
cells accompanied by an apparent coalescing of 
smaller vacuoles to form large vacuoles. Note 
also coacervates either free in the vacuole or 
adhering to the tonoplast. Line scale repre­
sents 2 microns 

Figure 21. Light microscope cross section associated to 
Figure 22. Line scale represents 20 microns 
Figure 22. Cross section near the meristematic region show­
ing root cap vacuoles nearly filled with tannin. 
Line scale represents 2 microns 
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Figure 23. Cross section showing detail of hyphal cells of 
the inner mantle near the meristematic region. 
Note amorphous matrix in interhyphal spaces. 
Line scale represents 1 micron 

Figure 24. Longitudinal section near the meristematic region 
showing inner and outer mantle fungal cells and 
tannin-filled root cap cells prior to fungal pene­
tration. Line scale represents 2 microns 
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Figure 25. Cross section of an area associated to Figure 26. 
Line scale represents 20 microns 
Figure 26. Cross section of hyphal cells of the inner mantle 
showing hyphal cell at left (arrow) situated inter-
cellularly between contiguous root cap cells. Note 
the difference in staining properties of the gly­
cogen aggregations in this region. Line scale 
represents 1 micron 

Figure 27. Cross section showing myelin configurations ex­
tending into vacuoles of hyphal cells near the 
meristematic region. Line scale represents 1 
micron 
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Figure 28. Light microscope longitudinal section associated 
to section in Figure 29. Note spherical cells in 
tannin-filled root cap cells and thin areas in 
thickened wall of internal cortex. Line scale 
represents 40 microns 
Figure 29. Longitudinal section of the mantle showing hyphae 
within the tannin-filled root cap cells. Note 
nucleus appearing to pass through a pore (arrow); 
also 2 nuclei in an outer hyphal cell. Line scale 
represents 2 microns 
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Figure 30. Cross section showing senescent hyphal cells of 
the inner mantle (at the mature end of the mycor-
rhiza) containing glycogen accumulations. Line 
scale represents .5 microns 
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Figure 31. Cross section of the mantle showing random arrange­
ment of hyphae. Note nearly round hyphal cells in 
the root cap cells, the compressed layers and cystids 
of the outer mantle, the senescent condition of the 
cytoplasm of the outer mantle, and the difference in 
staining properties of the glycogen accumulations. 
Line scale represents 2 microns 
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Figure 32. Light microscope cross section of an area associ­
ated to section in Figure 33. Line scale repre­
sents 10 microns 
Figure 33. Cross section of the outer mantle showing char­
acteristic shape of cystids. Note lack of cyto­
plasmic organization. Line scale represents 
2 microns 
108 
Figure 34. Cross section of the mantle showing rounded cells 
of the inner mantle next to root cap cells, amor-
phour interhyphal matrix, and senescence of the 
outer maatle layers. Note long cristae of fungal 
mitochondria (arrow). Line scale represents 
1 micron 
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Figure 35. Cross section of the mantle and host cells (epi­
dermis) of the Hartig net. Note the thin layer 
of darkly stained cytoplasm and coacev.vates 
adherent to the tonoplast in these cells; also 
the fungal cells growing between the contiguous 
host cell walls. Line scale represents 2 microns 
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Figure 36. Cross section showing inner mantle and part of 
the Hartig net. Note host cells of the Hartig 
net containing thin layer of darkly stained cyto­
plasm and coacervates adherent to the tonoplast 
and adjacent fungal cells (upper right). Note 
difference in staining properties of glycogen 
accumulations; also two nuclei in hyphal cell of 
the mantle. Line scale represents 1 micron 
114 
Figure 37. Cross section showing what appears to be 2 layers 
of host epidermal cells of Hartig net. Note 
coacervates free in the vacuole or adherent to 
the tonoplast, degenerating cytoplasm, and hyphae 
between the host cells. Line scale represents 
2 microns 
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Figure 38. Cross section of hyphal cells of the inner mantle 
at the meristematic region showing a dolipore with 
porous parenthesome, Note presence of lomasomes 
and apparent absence of glycogen. Line scale 
represents 1 micron 
Figure 39. Cross section of the mantle showing senescence 
from inner to outer layers of the mantle. Note 
the porous parenthesome. glycogen accumulations, 
and hyphal cell with 2 nuclei. Line scale repre­
sents 1 micron 
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Figure 40. Light microscope cross section in the root cap 
region showing two mantle layers and loose weft 
of hyphae including cystids. Line scale repre­
sents 20 microns 
Figure 41. Light microscope cross section showing what appears 
to be 2-3 layers of incomplete Hartig net cells. 
Note coacervates in this region, 2 mantle layers, 
nearly spherical hyphal cells in the tannin-filled 
root cap cells, and loose weft of hyphae. Line 
scale represents 20 microns 
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Figure 42. Cross section showing hyphal cells of the Hartig 
net. Note 2 nuclei and glycogen accumulations in 
these hyphal cells; also thin layer of degenerate 
host cytoplasm in adjacent host cells. Line scale 
represents 1 micron 
Figure 43. Light microscope cross section showing the diarch 
xylem vessel pattern in the stele. Line scale 
represents 10 microns 
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Figure 44. Longitudinal section of a small segment of a 
mature Hartig net showing breakdown of cytoplasm 
in host cell and presence of few small phenolic 
deposits. Note long cristae of fungal mitochon­
dria. Line scale represents 1 micron 
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Figure 45. Cross section of mantle and Hartig net in the 
mature region of the mycorrhiza showing general 
cytoplasmic degeneration. Line scale represents 
2 microns 
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Figure 46. Cross section showing thickened inter-cortical 
cell wall, darkly stained endodermis and stele. 
Line scale represents 2 microns 
Figure 47. Cross section showing what appears to be 2 cells 
of the elongated epidermis prior to initiation 
of hyphal intercellular growth. Note darkly 
stained cytoplasm of this layer and that of the 
adjacent external cortical layer. Line scale 
represents 2 microns 

Figure 48. Cross section of mycorrhiza near meristematic 
region. Note short, sickle-shaped cristae and 
presence of starch. Line scale represents 
2 microns 
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Figure 49. Light microscope cross section of an area assoc­
iated to Figure 50. Note 2 cortical layers and 
inter-cortical wall thickening. Line scale 
represents 20 microns 
Figure 50. Cross section showing 2 cortical layers, inter­
cortical wall thickening, and part of an endo-
dermal cell. Note difference in density of 
cytoplasm of internal and external cortical cells. 
Line scale represents 1 micron 
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Figure 51. Cross section showing cortical wall thickening. 
Note thinner areas. Line scale represents 
1 micron 
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Light microscope cross section in mature region 
of mycorrhiza showing well developed Hartig net, 
2 cortical layers, internal cortical wall thick­
ening, and phenolics in pericycle. Line scale 
represents 20 microns 
Light microscope cross section in younger region 
of mycorrhiza showing the typical structure of a 
mycorrhiza. Note incompletely developed Hartig 
net and phenolics in isolated cells of the stele. 
Line scale represents 20 microns 
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Figure 54. Light microscope longitudinal section associated 
to section in Figure 55. Note darkly stained 
endodermis and isolated cell of stele. Line 
scale represents 20 microns 
Figure 55. Longitudinal section showing phenolics diffused 
in the vacuole of endodermis. Note darkly stained 
cytoplasm. Line scale represents 2 microns 
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Figure 56. Light microscope longitudinal section showing a 
young lateral arising from a mother mycor-
rhiza. Note coacervates in elongated host cells, 
darkly stained endodermis continuous with mother 
mvcorrhiza, and xylem vessels in lateral. 
Line scale represents 20 microns 
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Figures 57-62. Light microscope cross sections showing vari­
ation iû accumulation of phenolics in the 
endodermis from the mature region of the mycor-
rhiza (Figure 57) to near the meristematic 
region (Figure 62). Line scale represents 
20 microns 
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Figure 63. Light microscope longitudinal section showing a 
mycorrhiza pitted xylem vessel. Line scale 
represents 20 microns 
Figure 64. Longitudinal section showing a mycorrhiza xylem 
vessel. Line scale represents 2 n-icrons 
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